. Cross sections for electron scattering from thiophene for a broad energy range. We present cross sections for elastic and inelastic electron scattering from thiophene calculated in the energy range 0.1-1000 eV. The R-matrix and IAM-SCAR methods were used for low-energy and intermediate and high scattering energies, respectively.
I. INTRODUCTION
Understanding and characterizing electron scattering from molecules has received increasing attention from the scientific community over the last couple of decades. One of the main reasons is the importance of these scattering phenomena in a number of applied fields. 1 In addition, experimental and software developments as well increased computational resources have made it possible to determine cross sections for more complex targets, more processes and more accurately.
The modelling of a number of physical phenomena requires the availability of cross sections for all possible electron-induced processes (elastic scattering, target excitation, dissociative electron attachment (DEA), ionization, neutral and dipolar dissociation, etc.) for a broad energy range. For example, Monte Carlo simulations of track structures to model radiation induced damage in DNA, in which the interaction history of the incident and released particles is followed step-by-step until their energy falls below a specified threshold 2 , requires knowledge of a large number of cross sections. Modelling of plasmas 3 and transport processes of charged particles in gases to obtain electron densities, average velocities, etc.
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also require cross section data as input.
The main focus of recent scattering studies has been biological molecules. The research has been stimulated, among other works, by the study of Boudaïffa et al. 5 that showed that electrons with sub-ionization energies were able to induce single and double strand breaks in DNA, through the DEA process. Extensive work has been performed to understand resonance formation and DEA of DNA constituents and other biomolecules 6, 7 . Somewhat scarcer is work to obtain cross sections for the various processes of interest: experimentally, it can be hard to determine absolute cross section for a number of reasons 7 ; theoretically, the characteristics of the molecules (electron-rich, with many low-lying electronic states, big dipole moments and low symmetry) also make it more difficult to calculate accurate data.
Other targets studied have been molecules that can be seen as models of the building blocks of DNA, proteins, etc., and that either have higher symmetry (and are thus easier to study theoretically) or from which sufficient gas pressure can be more easily achieved (and experiments are more easily carried out). Among these molecules are, for example, tetrahydrofuran [8] [9] [10] [11] [12] (used as a model for deoxyribose), the first biological target for which electronic excitation cross sections were calculated and pyrimidine, that can be seen as a model for the pyrimidic nucleobases 13, 14 . More recently, attention has turned to aminoacids and other biomolecules.
7
This work focuses on low energy electron collisions with thiophene (C 4 H 4 S), one of the most used units in anti-inflammatory drugs 15 . Thiophene is a prototypical, fully conjugated, heterocyclic molecule which contains one heavy and highly polarizable sulphur atom. Electron scattering from thiophene has been studied both theoretically [16] [17] [18] [19] and experimentally [20] [21] [22] [23] 
II. IAM-SCAR METHOD
The IAM-SCAR method is based on an independent atom representation (IAM) complemented with a screening-corrected additivity rule (SCAR) and it has already been extensively employed to calculate electron-scattering cross sections for a wide variety of molecular targets (see Sieradzka et al. 28 and references therein), over a broad energy range (0.1-1000 eV).
The calculation method has been explained in detail in previous publications so we will omit its description. However, we have recently incorporated some interference terms to the calculation of the molecular scattering amplitudes 31 which are relevant for this study. We will briefly summarize this development here. The molecular scattering amplitude is derived from the common expression for multicentre dispersion:
Here, q = k out − k in is the momentum transfer, r i is the position of atom i and f i (θ) the corresponding atomic scattering amplitude, with θ the electron scattering angle. By averaging its squared modulus, |F (θ)| 2 , for all the molecular orientations, the differential elastic cross sections are derived according to:
where q = |q| = 2k sin(θ/2) , r ij is the distance between atoms i and j, sin(qr ij )/qr ij = 0 when qr ij = 0, and dσ dΩ interference represents the ∑ i̸ =j interference contribution to the molecular differential cross section. By integrating Equation (2) , and introducing some screening coefficients (s i ) as described elsewhere 32,33 the integral elastic cross sections are given by:
where σ interference represents the integration of the differential interference contribution. In spite of the oscillatory nature of the interference terms, their main effect is to increase the scattering amplitudes for the smaller angles and therefore their overall contribution to the integral cross sections making it larger. When the interference terms are included in the calculation of the differential and integral molecular cross sections (Equations. (2) and (3)) we refer our IAM-SCAR method as IAM-SCAR+I.
Dipole interactions are not included in the above calculation procedure. However, for molecules with permanent dipole moment, as is the case of thiophene, an independent calculation based on the Born approximation is performed to estimate the averaged rotational excitation cross sections. The method is described in Sierazdka et al. 28 and basically considers that the initial rotational state of the target corresponds to the Jth rotational quantum number distribution at 300 K and dipole interactions induce transitions with ∆l = ±1. Rotational excitation cross sections are then incoherently added to the corresponding IAM-SCAR values providing the set of data that we will refer to as IAM-SCAR+R (if the interference is not included) and IAM-SCAR+I+R results (when it is).
III. R-MATRIX THEORY
Since the application of the R-matrix method to electron scattering has also been described in great detail elsewhere, 29, 34 we only present here a brief summary. All the calculations in this work were performed within the fixed-nuclei approximation using the UKRmol suite.
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The basic idea of the R-matrix method is the division of the configuration space into two regions: an inner and an outer region, separated by a sphere of radius a, centered on the center of mass of the system. This sphere must be large enough to contain the charge density of the N -electron target states included in the calculation, as well as that of the orbitals used to build the L 2 functions described below.
In the inner region, correlation and exchange between all the electrons have to be described accurately. The wavefunctions for the N + 1 electron system can be written as a linear combinations of two types of terms:
Here A is the antisymmetrization operator, x N and x N +1 stand for the spin and space coordinates of all N /N +1 electrons, respectively. σ N +1 stands for the spin of the scattering electron, and r N +1 andr N +1 correspond to its radial and angular coordinates respectively.
The wave function Φ i describes the ith electronic state of the N -electron target, as well as the angular and spin behaviour of the scattering electron. The functions In this work, we use the Static-Exchange plus Polarization (SEP) and close-coupling (CC) models. At the SEP level, only the target ground state wavefunction is included in expansion (4), so only shape resonances are described well by this method, in which the molecule is allowed to be polarized by the incoming electron. This effect is described by inclusion of the appropriate L 2 configurations: these are built by allowing the scattering electron to occupy one of a set of virtual orbitals (VOs) (i) while the Hartree-Fock configuration describes the ground state or (ii) while single excitations from the ground state configuration are allowed.
The choice of how many VOs to include can have a strong effect on the description of resonances, but is less significant for the modelling of cross sections except at very low energies.
The SEP model is also able to describe core-excited resonances, although this description is much poorer.
In the more sophisticated Close-Coupling (CC) approximation, a number of target electronic excited states are included in expansion (4). These are normally described at the complete active space (CAS) level and the L 2 functions included are different: here the scattering electron is allowed to occupy either an orbital of the active space or a virtual orbital.
Again single excitations from the active space may also need to be included for a good description of polarization effects. Electronic excitation cross sections can be calculated with this approximation and both shape and core-excited resonances are well described.
In our low-energy calculations, we have used the UKRmol suite to generate K and Tmatrices and determine elastic and inelastic integral cross sections. To calculate elastic differential cross sections (DCS), we have used POLYDCS 37 . This program uses a frametransformation method (see Gianturco and Jain 38 for further information). This is one of several first Born approximation-based "top up" procedures: those partial waves not included in the ab initio calculation are incorporated in an approximate way -or, alternatively, we can say that the ab initio contribution is a correction of the Born cross section. We note that within the fixed-nuclei approximation, the cross sections for polar targets diverge due the long-range nature of the electron-dipole interaction. The approach used by POLYDCS, that implicitly reintroduces the rotational motion, overcomes this. . To perform the R-matrix calculations, we have used the molecular geometry described on the NIST website 42 , calculated at MP2 level using the cc-pVDZ basis set.
A. Details of the calculation
Following our previous work on thiophene 19 , we have used the diffuse basis set 6-311G** and Hartree-Fock SCF (HF) and CASSCF orbitals generated with MOLPRO 45 in the SEP and CC calculations respectively. We used a radius a of 15 a 0 and partial waves up to l = 5 for the description of the continuum, rather than the more usual l = 4. Including the additional l = 5 partial wave made negligible difference to the integral elastic cross sections, but it did change somewhat: (i) the shape of the DCS at higher energies for angles above
30
• ; (ii) the size of the total inelastic cross section for energies above 8 eV. No inclusion of a Born-type correction for the dipole-allowed excitation processes was attempted, but the effect is not expected to be significant.
19

IV. RESULTS
In this section we present integral and differential elastic, electronically inelastic and total cross sections in the 0.1-1000 eV energy range. The cross sections calculated using the R-matrix method are most reliable below the ionization threshold; the elastic ones up to ≈ 20 eV can be considered to provide reasonable estimate of the actual cross sections.
The IAM-SCAR method, conversely, is more accurate at higher energies and is expected to provide poor results in the range where the R-matrix method is most accurate. Our best results could therefore be defined as the R-matrix ones below 10 eV, one of the IAM-SCAR ones above 30 eV and a smooth interpolation between the two in the 10-30 eV range. In Figure 2 , we show the integral elastic cross section for the whole energy range. Winstead and McKoy 46 , but in that case it was the R-matrix method that produced bigger cross sections for the higher angles, in poorer agreement with experiment. For these angles, our DCS at 1 eV seems to be more similar in shape to the SE results from da Costa et al. 17 , a sign that perhaps our calculations underestimate somewhat the polarization effects.
The IAM-SCAR+R and IAM-SCAR+I+R results display visible differences for all ener-gies for which they are plotted: the effect of the inclusion of the interference term is particularly obvious at small angles. As expected, the IAM-SCAR+R and IAM-SCAR+I+R DCS are very different to the R-matrix ones at low energies. Above 10 eV both methods seem to provide DCS of a similar size, reaching the best agreement at 15 eV, where the shape of the DCS is also very similar.
Looking at the IAM-SCAR+R and IAM-SCAR+I+R DCS for 10 and 15 eV, it is not entirely evident that the IAM-SCAR+R approach will produce integral elastic cross sections closer to the R-matrix ones, as evidenced in Figure 2 . In particular, at 15 eV the R-matrix DCS for angles below 25
• are between the IAM-SCAR+R and IAM-SCAR+I+R results.
However, the integral R-matrix cross sections for this energy are below both the IAM-SCAR+R and IAM-SCAR+I+R ones. This apparent discrepancy can be explained by the fact that the integral elastic cross section, σ elastic molec , corresponds to the following integration of the DCS, As stated earlier, we have used a combination of R-matrix and IAM-SCAR approaches in the past to determine cross sections for other targets; however, no interference terms were used for those systems. In the case of pyridine 28 , for example, the R-matrix integral elastic cross sections at 10 eV lie between those determined with the IAM-SCAR and IAM-SCAR+R approaches. The agreement of the DCS at this energy was similar to that for thiophene for most of the angular range: the better agreement of the integrated value was probably due to the fact that both methods produce a similar value for the DCS at very small angles, where the dipole effect dominates; pyridine has a much bigger dipole moment than thiophene (≃2.19 Debye). In the case of pyrazine 26 , a non-polar molecule, the agreement of the DCS at 10 eV was much poorer than for thiophene, as was also the case for 15 eV. For that target, the R-matrix method provided better agreement with experiments and prior theoretical results. In the case of the integral elastic cross section, the IAM-SCAR method produced higher cross sections as is the case for thiophene. This would seem to imply that agreement between R-matrix and IAM-SCAR results in the energy range where both are applied is in general better for targets with a bigger dipole moment.
In Figure 4 we present the total electronically inelastic cross sections obtained with both methods used in this work. The R-matrix results are obtained summing over all 25 states included in the calculation. The figure presents results using partial waves up to l = 4 and l = 5 to show that the additional partial wave increases the size of the cross section by 10%
at the most. Only the IAM-SCAR result is shown, as the interference term does not affect any of the inelastic processes. Note that for this method, the cross section is zero below 7 eV, because the states lying below this threshold are neglected. The first experimental excitation threshold is below 4 eV so the R-matrix cross section is non-zero between 4 and 7 eV. The agreement at 15 eV is, however, good and an interpolation between the R-matrix and the IAM-SCAR results could be easily done.
Finally, for completeness, we present in proaches. Similarly to the elastic integral cross sections, the best agreement is found with the IAM-SCAR method, i.e., when no interference terms is added.
V. CONCLUSIONS
We report elastic and inelastic cross sections for electron scattering from thiophene in the energy range 0.1-1000 eV, determined using the R-matrix and the IAM-SCAR methods at lower and higher energies respectively. Therefore, we provide for the first time a full set of cross sections in a fairly broad energy range. Despite the better agreement at 15 eV between the Born corrected SEP R-matrix results and the IAM-SCAR results without interference terms, we recommend use of the Born-corrected CC results for low energies and the IAM-SCAR+I+R for high energies, as these are obtained using the more physically accurate approaches. Agreement with prior SMCPP results at lower energy 17 and those obtained using the additivity rule at higher energy 16 is good.
The agreement between R-matrix and several IAM-SCAR integral elastic cross sections is reasonably good and similar to that obtained for pyrazine 26 : a smooth interpolation between the R-matrix data at 10 eV and the IAM-SCAR+I+R data at 30 eV can be envisaged. This combination of methods has proven once more to be suitable in providing cross sections for a broad energy range, as shown in the past for other targets.
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The question remains open, however, as to the better agreement of the R-matrix integral elastic cross sections with the IAM-SCAR and IAM-SCAR+R results, i.e. those that do not include the interference terms: it is clear from the comparison of DCS that at 10 eV the IAM-SCAR+I+R method produces results in better agreement with the R-matrix results for small angles; this is less obvious for 15 eV. However, we note that the use of a Born correction and the R-matrix method does not describe the DCS at very small angles particularly accurately (see, for example, the discussion provided by Regeta et al. 13 ); for molecules with a bigger dipole moment (e.g. pyrimidine) we expect it to overestimate the DCS in this angular range. Since differences between IAM-SCAR DCS calculated with and without the interference term are mainly due to the small scattering angles, experimental validation of the results would require extremely precise experimental conditions as far as the angular resolution is concerned.
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